Experiments on the interaction of intense, ultrafast pulses with large van der Waals bonded clusters have shown that these clusters can explode with substantial kinetic energy and that the explosion of deuterium clusters can drive nuclear fusion reactions. Producing explosions in deuterated methane clusters with a 100 fs, 100 TW laser pulse, it is found that deuterium ions are accelerated to sufficiently high kinetic energy to drive deuterium nuclear fusion. From measurements of cluster size and ion energy via time of flight methods, it is found that these exploding deuterated methane clusters exhibit higher ion energies than explosions of comparably sized neat deuterium clusters, in accord with recent theoretical predictions. From measurements of the plume size and peak density, the relative contribution to the fusion yield from both beam target and intrafilament fusion is discussed.
I. INTRODUCTION
Recently, there has been great interest in the explosions of atomic and molecular clusters ionized by intense ultrashort pulses at intensity 10 16 -10 18 W/cm 2 . [1] [2] [3] In large high Z clusters, space charge forces confine the electrons to the charged ion sphere and a microplasma is created by field ionization. 4 -10 In smaller clusters, or lower Z clusters, such as few nm diameter hydrogen or deuterium clusters, the laser field at these intensities is strong enough to remove field ionized electrons directly from the cluster. [11] [12] [13] [14] In this case, the cluster explodes by the Coulomb repulsion of the closely spaced cluster ions. This effect has been exploited in gases of deuterium and deuterated methane clusters irradiated by intense fs laser pulses to produce plasmas of multi-keV average ion energy which emit a burst of neutrons from DD fusion subsequent to the clusters explosions. 12, [15] [16] [17] [18] [19] This effect may be of interest for the development of compact, laser driven fast neutron sources. 20 One interesting and unexplored aspect of strong field driven Coulomb explosions in large clusters are explosions of clusters formed from heteronuclear molecules. Some initial experimental studies of explosions in large heteronuclear molecular clusters ͑like HI, NH 3 , and pyridine͒ driven with modest intensity (Ͻ10 16 W/cm 2 ) laser pulses have been presented recently. [21] [22] [23] The motivation for studying Coulomb explosions of mixed species clusters in the context of exploding cluster fusion was advanced recently by Last et al. 25, 26 They showed, through a series of molecular dynamic simulations that the energies of deuterons from exploding heteronuclear clusters, like D 2 O could exhibit enhancements in ion energy through a dynamical effect in the Coulomb explosion. The Coulomb explosion of a single species cluster will eject ions with an energy determined by the electrostatic potential energy stored in the fully stripped cluster. In this simple picture, if higher Z ions are also present, and ionized to higher charge states by the laser, the presence of the more highly charged ions will increase the total electrostatic potential energy and increase the subsequent energy of the ejected deuterons. Last et al. furthermore showed that, provided that the kinematic parameter m D /q B m B is greater than 1 ͑where q B and m B are the charge and mass of the heavier, high Z ion and m D is the mass of the deuteron͒, then the light deuterons will outrun the heavier ions, B, and explode in an outer shell with a higher average energy than would be expected from a uniform expansion of the cluster. 25, 26 In that work, the authors showed that the resulting fusion yield could be substantially larger in plasmas formed from explosions of heteronuclear clusters over that of neat D 2 clusters of the same size because of this enhancement of ion energies in the mixed ion case.
The explosions of HI clusters driven by 100 fs pulses at intensity Ͼ10 16 W/cm 2 were studied by Tisch et al., and they found that there was good evidence for the enhancement of ion energy of protons ejected from the HI cluster. 24 Nuclear fusion from explosions of deuterated mixed ion clusters was first observed at Saclay by Grillon et al. 18 They found, using 800 mJ, 35 fs pulses at 820 nm focused to an intensity above 10 17 W/cm 2 , that about 10 4 neutrons per shot were possible with a cluster plume of deuterated methane formed in a room temperature supersonic expansion. However, in that experiment neither the cluster size nor the plasma density or geometry were measured, and so the authors could only speculate that the ion emission exhibited a mixed species enhancement and that it was not simply the characteristic emission from an ensemble of larger clusters than that produced in a deuterium cluster plume. Moreover, without a measurement of the plasma density and geometry, the authors could not confirm that beam target fusion produced a significant fraction of their measured yield.
The main purpose and result of this work is to provide the methodology and results of measurements of the cluster plume parameters and resulting ion emission characteristics for both deuterium and deuterated methane cluster plasmas under similar conditions in order that a direct comparison can be made of their respective explosion dynamics. We find that exploding deuterated methane clusters exhibit higher ion energies than explosions of comparably sized neat deuterium clusters, in accord with the predictions of Last et al. A secondary result of this work is to provide a more accurate and quantitative measure of the contribution from beam target fusion to the total yield in these experiments based on measurements of the plasma density and plume geometry.
II. EXPERIMENTAL APPARATUS
In our experiments, a dense plume of either CD 4 or D 2 clusters was produced by the expansion of the gas from a high pressure ( P 0 ϭ1000 psi) reservoir into a vacuum through a dϭ750 m orifice and an Lϭ12.7 mm long conical nozzle with a Dϭ5 mm output diameter ͑see Fig. 1͒ . Both the onset of cluster formation as well as the size of clusters produced can be described by an empirical scaling parameter referred to as the Hagena parameter
where ␣ is the expansion half-angle (␣ϭ45°for sonic nozzles and ␣Ͻ45°for supersonic͒, T 0 and P 0 are the reservoir temperature and pressure, and k is a constant related to the intermolecular bonding potential of the clustering gas. When running D 2 gas, the jet was cryogenically cooled ͑to T 0 ϭ103 K) with liquid nitrogen 27 to reach the same Hagena parameter as for the CD 4 gas expansion at room temperature (T 0 ϭ295 K). 28 Given the values of k for hydrogen and methane of kϭ184 and kϭ2360, respectively, 27 the ratio of the Hagena parameters for the hydrogen and methane expansions presented here is
By comparison with the previous work with deuterated methane cluster fusion ͑where in that experiment d ϭ500 m, Lϭ25 mm, Dϭ5 mm, and P 0 ϭ725 psi) the Hagena parameter in this experiment was only slightly larger, by a factor of 1.1, and therefore the cluster sizes should be comparable. 18 The deuterium ion density in the case of neat D 2 clusters reached a peak density of 7(Ϯ4)ϫ10 18 cm Ϫ3 and was determined from a measurement of the electron density of the cluster plume ͑2.5 mm below the nozzle opening and 20-500 ps after ionization by the laser pulse͒ from an in situ, transverse, interferometric image of the plasma filament. 29 The average molecular density in the case of CD 4 was inferred from this measurement to be a factor of 2.8 lower due to the difference in stagnation temperature for the two expansions. This molecular density resulted in a deuterium ion density inside the plasma filament for the CD 4 plumes of 5(Ϯ3)ϫ10 18 cm Ϫ3 , a factor of 1.4 times lower than that in the D 2 plume. This measurement of the plasma density is a factor of 25 times higher than the estimate provided in the previous work with deuterated methane cluster fusion. From the differences in backing pressure and nozzle conductance, the plasma density in this experiment should only have been larger by a factor of 3 suggesting that the value provided in the previous work was a gross underestimate calling into question the substance of the main result of Ref. 18 , that the central plasma model underestimates the measured fusion yield by a factor of 100. Although the gas jet temperature and pressure was chosen to yield similar Hagena parameters for the deuterium and deuterated methane expansions, the cluster plumes generated were characterized by an independent measurement of the scattered light from identically prepared hydrogen and methane cluster plumes illuminated by a low intensity, 532 nm laser beam propagating 3 mm below the conical nozzle opening. Figure 1 shows the setup for this measurement as well as the scattering signal as a function of position.
Since the clusters formed in the expansion are electrically neutral and much smaller than the optical wavelength, the total scattering cross section of a single cluster is given by the Rayleigh scattering from a dielectric sphere ͑in vacuum͒
where a is the radius of the sphere, is the wavelength of the illumination, and n is the index of refraction of the sphere. Furthermore, since the clusters are randomly distributed in space and the image of the scattered light is integrated over 10 ms during which a given cluster moves a distance much larger than even the beam radius, the scattering amplitude from the plume is an incoherent sum of the scattering from each individual cluster. Also, since the total scattering is small, we can neglect the depletion of the incident beam and any effects due to multiple scattering. In this case the intensity of scattered light measured from a segment of the plume at position z is proportional to the length of the segment ␦z and the average of the Rayleigh cross section over the distribution of cluster sizes and given by
͑4͒
where I 0 is the incident beam intensity, ⑀ is a factor that accounts for the geometry and efficiency of the optical system and its orientation with respect to the polarization axis of the illuminating beam ͑the dipole radiation pattern is maximum when the optical axis is perpendicular to the polarization vector͒, and n C (N) and C (N) are the density and cross section of clusters of size N. Using Eq. ͑3͒ we can write out Eq. ͑4͒ explicitly as
where n 1 is the molecular density inside the cluster ͑Fig. 2͒. Previous studies of cluster production in gas jets have found that the experimentally measured size distribution is best described by a log-normal distribution. 33 In that case, the density of clusters of size N can be written
where and are the mean and standard deviation of the logarithm of the size ͑N is the number of molecules in a given cluster͒. These quantities determine the moments of the distribution by
The zeroth moment, ͗N 0 ͘ϭn C (total) , is the total density of clusters ͑including all sizes͒ and the first moment is equal to the product of the total density of clusters and the average cluster size, ͗N 1 ͘ϭn C (total) N , which is also equal to the average molecular density in the cluster plume, n C (total) N ϭn mol . From Eq. ͑5͒ it is clear that the Rayleigh scattered signal is proportional to the second moment, and using Eq. ͑7͒ this moment can be written as
For a monodisperse distribution (ϭ0), the Rayleigh scattered signal is therefore simply proportional to the product of the average cluster size and average molecular density in the plume.
To compare the peak of the scattered signals from the hydrogen and methane plumes, we can invert Eq. ͑5͒ and write
Accounting for their different indices of refraction at 532 nm ͓n hydrogen Ӎ1.10 and n methane Ӎ1.28 ͑Refs. 
Ϸ10, ͑9͒
where N is the average number of molecules per cluster. We have assumed only that the distribution widths ͑͒ are equal and, from the temperature difference, that the average molecular density in the methane plume is a factor of 2.8 lower than in the hydrogen plume. The corresponding ratio of the average radii of the clusters in the center of the jet is
Two Faraday cups were used to characterize the ions emitted from the laser irradiated gas plumes. Cup A was 0.52 m behind the laser focus and aligned 15°from the laser propagation axis (k ), and cup B was 0.36 m from the focus and aligned 15°from the polarization axis (ê ) and 90°from the first cup.
where the absolute radii are 6 nm and 3 nm corresponding to 1.9ϫ10 4 and 1.8ϫ10 3 molecules per cluster for the hydrogen and methane plumes, respectively, and are provided by comparison with sonic expansions of the same gas where the absolute size was determined from previous Rayleigh scattering measurements. 27 This difference in peak average cluster size for the two types of plumes is not consistent with the sizes expected from the calculated Hagena parameters for the expansions. In particular, this measurement for the peak average CD 4 cluster size is a factor of 100 smaller than the estimate of 2 ϫ10 5 molecules calculated from an equivalent Hagena parameter in the previous work on deuterated methane cluster fusion. 18 Therefore, while it is useful as a scaling parameter for the onset of cluster formation, the Hagena parameter clearly does not provide a quantitative value for the absolute cluster size, and only a measurement can provide a reliable determination upon which any assertion of cluster size can be based.
The gas plume was irradiated by a single pulse of 800 nm light from the Lawrence Livermore National Laboratory Jan USP laser, 32 which delivered 100 fs pulses with energy up to 10 J per pulse. This pulse was focused into the gas plume by a 300 mm ( f /#ϭ2) parabola producing a vacuum focal spot diameter of 5 m ͑FWHM͒, which contained 30% of the total energy. This configuration yielded a peak intensity of 2ϫ10 20 W/cm 2 in vacuum. In order to characterize the energy distribution of the deuterium ions ejected from the clusters in the laser irradiated gas plumes, we employed two Faraday cups placed far from the plume and viewing the ion emission along the polarization and propagation axes of the laser. Each detector was composed of a grounded screen and body followed by the electrode which was negatively biased ͑Ϫ400 V͒ to reject low energy electrons that originate from the focus. The Faraday cups yielded a time dependent current generated from the expulsion of ions from the plasma, and some typical ion time-of-flight signals for both D 2 and CD 4 plumes are shown in Fig. 3 . They each possess two distinct features: an initial 100 ns wide photoelectron current spike from photons and energetic electrons ͑greater than 400 eV͒ ejecting secondary electrons from the negatively biased electrode, and an ion current peak between 200 and 800 ns due to the arrival of energetic ions generated in the cluster explosions. Not shown in this figure is a second ion current starting after 2 s due to the arrival of cold ions from the bulk explosion of the plasma filament. The energy of these ions is consistent with the breakout velocity of the Taylor-Sedov blast wave produced by the absorption of the laser pulse energy.
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III. RESULTS
The part of the time-of-flight current corresponding to the energetic ions generated in the cluster explosions was isolated and used to calculate the number and average deuterium ion energy emitted ͑along and perpendicular to the polarization axis͒ from the plasma. The resulting ion emission characteristics as a function of input laser energy is shown for both D 2 and CD 4 clusters in Fig. 4 . While it is not strictly possible to differentiate carbon and deuterium ions from the Faraday cup signals, because both species are accelerated by the same fields and because the charge to mass ratio of the carbon is at most equal to that of the deuterium ions, the average deuterium ion energy calculated from the Faraday cup time-of-flight signals is therefore a lower bound for the deuterium ion component. Moreover, since the carbon is four times less abundant than the deuterium and can emerge in a charge state of at most C 6ϩ , the ion yield is overestimated by at most a factor of 2. Figure 4 shows the total ion yield and average deuterium ion energy as a function of laser energy for both D 2 and CD 4 cluster plasmas. The estimated ion yield and average energies were determined from the two Faraday cup signals assuming a single electron charge per ion. The ion number and energy dependence on pulse energy were each fit to a power law dependence, and the parameters are given in Table I . For the signal captured on cup A from CD 4 plasmas illuminated above 100 mJ, the component corresponding to the energetic ions could not be differentiated from the secondary electron peak ͑generated by photons and hot electrons͒ near tϭ0.
Care must be taken when interpreting the entire ion time of flight current as solely a signature of the underlying explosion mechanisms of the individual clusters making up the gas plume. Collisions with the neutral gas of the plume surrounding the filament as well as the filament space charge can modify the ion energies from their initial values obtained in the cluster explosions. However, for the most part, these effects are primarily important only for the lowest energy ions and become less pronounced for the faster, higher energy ions generated at the filament center. For example, the mean free path of a low energy deuterium ion ͑1 keV and lower͒ through the neutral plume ͑with a peak density of 7 ϫ10
18 cm Ϫ3 ) surrounding the plasma filament is on the order of the size of the plume. 34 On the other hand, above 5 keV, where the mean free path is more than 4 times the size FIG. 3 . Time-of-flight ͑TOF͒ ion current captured on Faraday cup B from a cluster plasma of D 2 ͑data fit to a log-normal energy distribution function appearing as a thin smooth line͒ and CD 4 irradiated by a 100 fs, 100 mJ pulse. The part of this current corresponding to the ions generated in the cluster explosions is isolated and used to calculate the number and average energy of energetic ions emitted from the plasma.
of the plume, collisions do not significantly modify the ion spectra.
The energy distribution generated in a Coulomb explosion of a single cluster ionized on a time scale faster than the cluster expansion time is 15 f ͑ E ͒dEϰͱEdE, EрE max , ͑11͒
where the energy cutoff of this distribution is given by
and is related to, a the cluster radius, ͗q͘ the average charge state of the individual ions, n 1 the liquid molecular density in the cluster, and p the number of ions per molecule. The average energy per ion of this single-cluster distribution is Ē ϭ(3/5)E max . Using for our gas plumes the log-normal distribution for the cluster sizes, now in number of ions per cluster, and the Coulomb explosion energy distribution from a single cluster, the energy distribution function for an ensemble of Coulomb exploding clusters is
where g(E) is given by
and is the density clusters whose size is equal to or larger than N E and which therefore contribute to the distribution up to the point E. The size N E is related to the energy E through Eq. ͑12͒ by
.
͑16͒
The moments of this ensemble distribution function are related to the moments of the cluster size distribution, Eq. ͑7͒, by
The average ion energy of this distribution is related to the average cluster size according to
This quantity is different from the average ion energy from a monodisperse ensemble of clusters of size N by the factor e (5/9) 2 , which is in these experiments of order 2. This ensemble distribution function was used to fit the ion time-of-flight signals, and a typical fit is shown in Fig. 3 . The resulting ensemble parameters determined from these fits are shown in Table II and result in an average cluster size radius for the supersonic expansion of D 2 in the range 4.5-5.5 nm. This determination is in agreement with the peak average cluster size measured by Rayleigh scattering of 6 FIG. 4 . Average deuterium ion energy ͑a͒ and total ion yield ͑b͒ as a function of laser energy for both D 2 ͑open circles and squares͒ and CD 4 ͑filled circles and squares͒ cluster plasmas. The ion yield into 4 and average energies were determined from the two Faraday cup signals: cup A ͑circles͒ and cup B ͑squares͒ assuming a single electron charge per ion. The ion number and energy dependence on pulse energy were each fit to a power law dependence ͑shown by the lines͒, and the parameters are given in Table I.   TABLE I . Power law dependencies (ϰQE ␣ ) on laser pulse energy, E, of the total ion number and deuterium ion average energy emitted from D 2 and CD 4 cluster plasmas. Above 100 mJ, the fast ion component could not be reliably differentiated from the secondary electron peak in the current measured by cup A from CD 4 plasmas.
Deuterium
Deuterated methane nm, and the variation in size is probably due to an increasing penetration depth of the laser pulse for increasing energy into regions closer to the center where the cluster size is largest. Although the CD 4 clusters are a factor of 2 times smaller, the ion density inside the cluster is larger and the average charge state per ion can be up to twice as large as that in a D 2 cluster. Using the measured ratio of the peak average cluster sizes, the average deuterium ion energy from the CD 4 plasma, Eq. ͑18͒, can be written in terms of the average ion energy emitted from the D 2 plasma and the ratio of the average charge states per ion as
assuming, as before, that while the average cluster sizes are different, the cluster size distribution widths ͑͒ for the two plumes are the same. Table III lists the average deuterium ion energies measured on the two Faraday cups for both cluster plasmas. Using these values and Eq. ͑19͒, the measured average deuterium ion energy from the CD 4 cluster plasma is consistent with the energy expected from a pure Coulomb explosion of the CD 4 clusters in which the average ionic charge state was ͗q CD 4 ͘Ӎ2. This would imply an average charge state of ͗q C ͘Ӎ6 for the carbon ions. At such an elevated charge state, the kinematic parameter introduced by Last et al., m D /q B m B , is approximately 1 and therefore the additional dynamic enhancement of the deuteron energy from the separation of the exploding deuteron and carbon shells would be suppressed. Nevertheless, our present measurement cannot distinguish the relative contributions of these two effects, and therefore experiments with isotopically distinct methane clusters will be a subject of future work.
To determine the fusion yield from the laser irradiated plumes, we counted the number of 2.45 MeV neutrons emitted into two independent solid angles with a pair of plastic scintillating neutron detectors. The first detector consisted of a 10 cm diam, 12 cm thick plastic scintillating barrel coupled to a photomultiplier tube ͑PMT͒ and the second consisted of a slightly smaller 13 cm diam, 7.5 cm thick barrel also coupled to a PMT. We obtained the total neutron yield into 4 per shot by assuming that the neutrons are emitted isotropically 15 although there is evidence that the emission is not perfectly isotropic in the case of CD 4 cluster plasmas. 18 The total neutron yield as a function of input laser energy is shown for both D 2 and CD 4 clusters in Fig. 5 , where the error bars represent the ͑Poissonian͒ statistical uncertainty associated with the number of neutrons counted in a detector for each shot. The yield is well characterized by a power law dependence on pulse energy, Y ϭQE ␣ , where Q ϭ4.5ϫ10 4 and ␣ϭ1.60, and Qϭ3.0ϫ10 4 and ␣ϭ1.12 for the D 2 and CD 4 cluster plasmas, respectively.
The total fusion yield produced in these experiments includes contributions from deuterium-deuterium collisions occurring inside the plasma filament as well as collisions between the energetic deuterium ions emitted by the plasma and the cold deuterium gas surrounding the filament. These two contributions can be estimated from the expression
͑20͒
The first term on the right-hand side estimates the contribution of the fusion yield from collisions within the plasma and includes the disassembly time of the filament d , the average deuterium density inside the plume n D , the average fusion reactivity ͗v͘, and an integration over the initial volume of the plasma. The second term on the right estimates the beamtarget contribution to the fusion yield and includes the total number of ions which exit the plasma and stream through the cold plume N ion and the collisional volume swept out by these ions times the average deuterium density inside the plume. The factor of 1/2 which appears in the first term but /v where the constant factor ␥ is a unitless quantity which accounts for the plasma geometry and is of order 1. Approximating our deuterium ion energy distribution as a Maxwellian at a temperature, k B Tϭ 2 3 Ē D , the velocity averaged fusion cross section ͗ v ͘ for a collision between an ion from the plasma filament and one at rest can be approximated by the ratio of the fusion reactivity calculated for a Maxwellian distribution at a temperature T/2 and the average ion velocity. In this case we have ͗ v ͘ Ϸ͗v͘ T/2 /v , and Eq. ͑20͒ reduces to
where Ē D is now in units of eV, and ␤ determines the relative contribution of the beam-target versus the plasma fusion events and is given by
where n D is the deuterium density inside the plume evaluated at the location of the plasma filament and ͗Ln D ͘ is the average deuterium density length product for a path through the cold plume. The factor of N ion 1/3 reflects the decreasing importance of the beam-target fusion contribution for a fixed plume size and a larger initial plasma volume. If we estimate the average density length product as the peak plasma density n D times half the plume size D/2, we have for ␤,
where the quantity ϭ͗v͘ T/2 /͗v͘ T depends on the average ion energies and the prefactor is proportional to the cube root of the volume fraction of the filament.
The quantity is calculated for a Maxwellian energy distribution and is plotted versus deuterium ion temperature in Fig. 6 . For the D 2 cluster plasmas at 100 mJ, the average deuterium ion energies are in the range 6.2-7.2 keV corresponding to a temperature of 4.5 keV and a value of ϭ0.08 while the ion emission at this energy is N ion ϭ3 ϫ10 13 . Taking the diameter of the plume measured in Fig. 1 to be Dϭ3 mm and the filament geometry to be approximately spherical ␥Ϸ0.6, the corresponding value for the beam target contribution was ␤Ϸ2.5 and is clearly of the same order as the fusion yield from the plasma filament alone. In previous experiments on exploding deuterium cluster plasmas created in sonic expansions where the average cluster size was smaller and the average ion energy was measured to be less than 2.5 keV, the corresponding value of was more than a factor of 3 smaller resulting in a less significant beam-target fusion contribution. 15, 16 For the CD 4 plumes, where the average deuterium density was a factor of 1.4 times lower than in the D 2 plumes, the average deuterium ion energies were in the range 8.6 -14.4 keV at 100 mJ corresponding to a temperature of 7.5 keV. In this case, the estimated beam target contribution was higher than in the D 2 plume by 40%.
IV. CONCLUSIONS
The fusion neutron yield at 100 mJ is observed to be larger in CD 4 cluster plasmas than D 2 plasmas by a factor of 2. At this pulse energy, the average deuterium ion energies are in the ranges 6.2-7.2 keV and 8.6 -14.4 keV for the D 2 and CD 4 plumes, respectively, and the average deuterium ion density in the D 2 plasma is estimated to be a factor of 1.4 higher. Assuming only that the reactivity of the plasma is equivalent to that of a Maxwellian plasma at a temperature k B Tϭ2/3Ē ion , the fusion yield is expected to be a factor of 1.1-2.6 higher in the case of the CD 4 cluster plasma which is consistent with the measured factor in the neutron yield. At a pulse energy of 1 J, the average deuterium ion energy emitted by the CD 4 plasmas is again slightly higher than that of the D 2 plasmas ͑as measured by cup B͒; however, the fusion yield is observed to be slightly lower. This reversal in the actual fusion yield from expectation may have resulted from a slight degradation in the jet performance which produced a lower CD 4 gas jet density for data taken at the highest energy shots. This possibility seems to be supported by the ion yield scaling with pulse energy which is approximately linear for the D 2 shots but sublinear for the CD 4 shots.
In conclusion, we have studied the ion emission characteristics and fusion neutron yield from D 2 and CD 4 cluster plasmas in similar regimes of cluster size and average gas density. The Rayleigh scattering measurements reveal that although the Hagena parameters for the expansions were almost equal, the average cluster size was a factor of 2 smaller in the CD 4 plumes than in the D 2 plumes. Despite their smaller size, however, the CD 4 clusters produced deuterium ions with almost twice the energy of the D 2 clusters. This unambiguous mixed species enhancement is in accord with recent predictions and is consistent with a pure Coulomb explosion mechanism in which the carbon ions have an av- erage charge state of approximately ϩ6. 25, 26 At such an elevated charge state, the kinematic parameter introduced by Last et al., m D /q B m B , is approximately 1 and therefore the additional dynamic enhancement of the deuteron energy from the separation of the exploding deuteron and carbon shells is not expected. Nevertheless, our present measurement cannot distinguish the relative contributions of these two effects, and therefore experiments with isotopically distinct methane clusters will be a subject of future work. We observe that the fusion neutron yield from the lower density CD 4 cluster plasmas at low pulse energy is higher than that from D 2 cluster plasmas, consistent with the expected plasma reactivity and density differences. Finally, we provide quantitative estimates based on measurements of the plasma density and plume geometry of the contribution to the total neutron yield from beam target and intrafilament fusion events.
